ing a site of androgen action other than the motoneurons The spinal nucleus of the bulbocavernosus (SNB) is a themselves. ᭧ 1996 Academic Press sexually dimorphic motor nucleus in the rat lumbar spinal cord. The sex difference arises through the androgenic sparing of the motoneurons and their target muscles from ontogenetic cell death. Indirect evidence suggests that androgen acts on the target muscles rather Neuronal death is a widespread phenomenon in the The SNB is a lumbar motor nucleus that is influenced but very few SNB cells display nuclear AR immunostaining in affected Tfm rats. Because the Tfm mutation is by androgen during both development and adulthood. Sengelaub, and Arnold, 1985) . Therefore, adult males mosaics, adult SNB cells were equally divided between have more and larger SNB motoneurons than do fewild-type and Tfm genotype, as indicated by AR immumales Arnold, 1980, 1981). Treating fenocytochemistry. In contrast, the pattern of AR immunomales pups with androgen during this same critical cytochemistry in target muscles of mosaics appeared similar to that of wild-type females. These results indiperiod can permanently masculinize their SNB cell cate that early androgen spared both androgen-sensitive number (Breedlove and Arnold, 1983). Male rats with and -insensitive motoneurons from cell death, confirmthe sex-linked recessive testicular feminization mutation (Tfm), a point mutation that renders 85 to 90% of androgen receptors (ARs) nonfunctional
androgenic activation of the AR is crucial for survival This analysis indicates testosterone is just as likely to spare androgen-insensitive SNB motoneurons as wildof SNB motoneurons in male rats.
In which tissues is activation of the AR crucial for type SNB cells from apoptosis. The crucial site for androgen action to spare SNB cells must therefore be in SNB motoneuron survival? There is circumstantial evidence that androgen maintains the muscles and thereby tissue(s) other than the motoneurons themselves. indirectly spares SNB motoneurons (Forger, Hodges, Roberts, and Breedlove, 1992, review) . For example, an-
MATERIALS AND METHODS
drogen can spare the developing BC from involution in females that have had the lumbosacral spinal cord Breeding and Identification of Androgenized Tfm (including SNB motoneurons) removed (Fishman and Carriers Breedlove, 1988) . Furthermore, AR expression has been Eight Tfm carrier females from our breeding colony found in the target muscles, but not the motoneurons, (identified by having previously given birth to affected during the critical period for androgen action (Fishman, Tfm males) were paired with males. Vaginal smears Chism, Firestone, and Breedlove, 1990; Jordan, were taken daily; the day of positive sperm smear was Breedlove, and Arnold, 1991) , and local treatment of recorded as the first embryonic day (E1). Dams were the muscle with antiandrogen blocks masculinization injected with testosterone propionate (TP, 2 mg in sesof the SNB more effectively than the same dose of antiame oil subcutaneously) on E16 -20, the critical period androgen given systemically (Fishman and Breedlove, for androgenic elimination of nipple formation (Gold-1992) . Removing the target muscles results in death of man, Shapiro, and Neuman, 1976) . On E23, the dams SNB motoneurons despite androgen treatment (Kurz, were anesthetized with ether, the pups were delivered Cover, and Sengelaub, 1992), but it is possible that the by cesarean section, and the dams were sacrificed by motoneurons themselves normally respond directly to pentobarbital overdose. Pups were dried and warmed, androgen, but cannot do so when deprived of a target.
injected with TP (1 mg subcutaneously) and cross-fosIn this study, we attempted to eliminate the motoneutered to another lactating dam. All pups received a secron as the site of action for the androgenic sparing of ond 1-mg TP injection on Postnatal Day 3 (P3). In wild-SNB cells from cell death in rats by producing genetic type rats, the prenatal androgen regimen had been remosaics for the AR, i.e., rats having some cells that are ported to block the development of external nipples in Tfm and others that are wild type. We did this by giving rats (Goldman et al., 1976) , a result confirmed by pilot perinatal androgen to Tfm carrier pups (XX Tfm ). Because studies of our own (Freeman, unpublished observarandom X inactivation occurs in the embryonic female tions). The postnatal androgen treatments were added (Lyon, 1992) , roughly half of the motoneurons of hetto maximally masculinize the SNB system in females. erozygous Tfm carrier pups should be androgen insenPups were weaned on P30 and classified by phenositive. If androgen acts at the target muscles to spare type at that time (Table 1) . Males had palpable testes, SNB cells from apoptosis during development, both aneither descended into the scrotal sac (wild-type males) drogen-sensitive and -insensitive motoneurons should or in the abdomen (affected Tfm males). Wild-type survive. If the motoneurons are the site of action, we males also displayed no nipples, but affected Tfm males would expect to see predominantly wild-type motoneudeveloped nipples despite their endogenous androgen rons in adulthood (Fig. 1) . We previously demonstrated production and the perinatal androgen treatment. that immunocytochemistry (ICC) with the polyclonal Among the animals without testes (females), those antibody PG21 (a gift of G. Prins) can detect ARs in the without visible nipples were classified as wild-type felumbar spinal cord, and that motoneurons in Tfm males males. Females in which TP had failed to prevent nipple differ from those in wild-type males by their failure formation were judged to be partially androgen insensito show nuclear immunostaining (Freeman, Padgett, tive and, therefore, considered Tfm mosaics. This classiPrins, and Breedlove, 1995) . In this study we used ARfication of females as wild type or mosaic was con-ICC to distinguish wild-type and Tfm motoneurons firmed by other measures to be discussed later. We refer within the SNB of mosaic female rats.
to these females as wild type and mosaic hereafter. We now describe (1) a method of perinatally masculinizing Tfm carrier rats and distinguishing them from AR-ICC in Androgenized Tfm Mosaics their wild-type sisters, and (2) the pattern of AR-ICC staining in such perinatally androgenized Tfm carriers, Seventeen mosaics were selected at random from the litters and assigned to one of two adult hormone treattheir wild-type sisters, and affected Tfm male controls.
FIG. 1.
Early androgen treatment of a Tfm carrier and possible outcomes in the SNB. XX carriers of the Tfm mutation are functional mosaics of wild-type and Tfm genotypes, depending on which X chromosome is used by a particular cell. The inactivation of an X chromosome occurs very early in development. If androgen acts directly on the motoneurons to maintain them, then androgen-sensitive motoneurons would be favored; however, if androgen does not act directly on motoneurons to spare them, then both androgen-sensitive and androgen-insensitive cells would be spared. Each of the multinucleated muscle fibers has at least some androgen-sensitive nuclei (see Fig. 2 ). ment conditions. Six wild-type sisters, eight Tfm brothwith ketamine cocktail (60.6 mg ketamine, 6.06 mg xylazine, 0.91 mg acepromazine/ml; 0.09 ml/100 g body ers together with six Tfm males from other litters (which did not receive perinatal androgen) served as controls.
wt, intraperitoneally) and castrated at that time.
On the day of sacrifice, all animals received an injecAt 60 to 90 days of age, mosaics were anesthetized with metafane and given two 20-mm subcutaneous Silastic tion of the antiandrogen hydroxyflutamide (ohF, 2 mg in propylene glycol subcutaneously, a gift from R. Neri, implants (3.18 mm o.d., 1.57 mm i.d.) constructed as described in Smith et al. (1977) . Ten animals received Schering Corp.) to localize wild-type AR to the nucleus and make it detectable by AR-ICC. Hydroxyflutamide testosterone-filled capsules and seven received blanks. Capsules were left in place 6 to 8 weeks, then removed reportedly binds to the AR and induces translocation to the nucleus without activating gene transcription 2 days before sacrifice; Tfm males were anesthetized (Wong, Zhou, Sar, and Wilson, 1994) ; in SNB motoneufor AR-ICC and one of which served as a no-primary control. rons, it is apparently the absence of ligand binding that reduces nuclear PG21 immunostaining in Tfm males One immunoreacted slide from each animal was coverslipped without counterstain and examined under (Freeman et al., 1995) . Four mosaic and four Tfm animals received ohF 8 hr before sacrifice; the remaining anilight microscopy. Putative SNB motoneuron nuclei were identified as darkly stained circles located just mals were injected 2 hr before sacrifice. All animals received a lethal dose of sodium pentobarbital and were ventrolateral to the central canal. A camera lucida drawing of each section was made, mapping the locaperfused intracardially with phosphate-buffered saline (PBS) followed by 4% paraformaldehyde. Gonadal sex tion of apparent motoneuron nuclei. Darkly labeled nuclei were scored as 2 and lightly labeled as 1. Coverslips was confirmed by dissection, and the LA muscles from wild-type females and mosaics were removed and were then soaked off and the tissue counterstained with neutral red Nissl stain and recoverslipped. SNB motostored in 4% paraformaldehyde. Later, they were trimmed, blotted dry, and weighed.
neurons were identified by their location, large size, and dark Nissl stain. The identities of the putative moSpinal cords were removed, postfixed 1 to 3 hr, then soaked overnight in 20% buffered sucrose. The followtoneuron nuclei seen in the uncounterstained condition were confirmed. Additional motoneurons whose nuclei ing day the lumbosacral segments were frozen-sectioned in the frontal plane at 50 mm and the free-floating had no visible immunolabeling were also mapped and scored as 0's. Total number of SNB cells was then sections were rinsed in a phosphate-buffered gelatinTriton solution (PGT, 0.1% gelatin, 0.3% Triton in PBS).
counted and the percentage of labeled cells calculated. When calculating total number of SNB cells, all apparConsecutive sections were divided between three wells, so every third section could be processed without the ent motoneurons were counted (0's, 1's, and 2's); however, when calculating the percentage of labeled motoprimary antiserum.
Sections were incubated first for 1 hr at room temperneurons, the lightly labeled cells (1's) were eliminated from the analysis because their identity as wild-type or ature in 10% normal goat serum (NGS), then for 48 hr at 4ЊC in the primary antiserum, PG21 (0.186 mg/ml Tfm motoneurons was less certain. LA muscles were also removed from five wild-type, solution in PGT with 4% NGS). PG21 is a polyclonal antiserum raised against the first 21 amino acids of the three testosterone-treated mosaic, and four blanktreated mosaic animals. The muscles were frozen-secrat androgen receptor (Prins, Birch, and Greene, 1991) . Tissue was rinsed in PGT, treated with avidin and biotioned at a thickness of 50 mm, reacted for AR-ICC as above, and coverslipped without counterstain, and the tin blocking solutions (obtained from Vector Laboratories, Burlingame, CA), rinsed again, then reacted with AR-positive nuclei within a region of approximately 140,000 mm 2 were counted with the aid of an eyepiece avidin -biotin -peroxidase complex kit (Vectastain Elite goat anti-rabbit IgG kit, Burlingame, CA). Following a grid. Coverslips were removed, all nuclei stained with hematoxylin, and the slides coverslipped again. The 1-hr incubation in biotinylated secondary antibody (goat anti-rabbit), tissue was rinsed in PGT, then incusame region of the muscle was located by use of stage micrometers on the microscope and the total number bated for 1 hr in avidin -biotin complex. Staining was visualized with H 2 O 2 and diaminobenzidine and intenof nuclei within that region counted. The proportion of AR-positive nuclei was calculated as the number of ARsified with 1% NiCl 2 . Tissue from each well was mounted on a separate slide, so each animal's cord was positive nuclei divided by the number of total nuclei seen with hematoxylin stain. divided into three parts, two of which were stained All counts were made without knowledge of phenotype or adult hormone treatment condition. Differences in total SNB cell number were evaluated by t test. Differences in the percentage of immunolabeled SNB cells and in the percentage of AR-positive muscle nuclei were evaluated by Mann -Whitney U test.
RESULTS

Breeding and Identification of Androgenized Tfm Carriers
The eight perinatally androgenized litters yielded 106 offspring, and in seven of eight litters, all four of the predicted phenotypes were present. The different phenotypes were predicted to be present in equal numbers, and x 2 tests showed that they did not differ significantly from the expected value (Table 1 , P ú 0.05). in adulthood, LA muscles from wild-type females were significantly heavier (197 { 11 mg) than those from mosaics that received blank capsules in adulthood (87 SNB Motoneurons { 17 mg, P õ 0.01, two-tailed t test), concordant with their partial androgen insensitivity. In mosaics, adult
FIG. 2. Androgen receptor immunocytochemistry in the levator ani
Muscle Survival and AR-ICC
In agreement with previous findings in wild-type rats (Breedlove and Arnold, 1981) , adult androgen treatandrogen treatment increased muscle size (214 { 16 mg) compared with the blank-treated mosaics (P õ ment did not significantly affect the total SNB cell number in the mosaics (P ú 0.10); neither did it alter the 0.01, two-tailed t test).
A large number of AR-immunoreactive nuclei were percentage of SNB motoneurons showing PG21 immunolabeling (P ú 0.10). Whether the ohF injection was found in the LA muscles of all animals. The pattern of staining in the LA of mosaic animals indicated that all given 8 or 2 hr before sacrifice also had no significant effect on cell number (P ú 0.10) or percentage showing muscle fibers had at least some AR-positive nuclei (Fig.  2) . The percentage of AR-positive nuclei in the LA musimmunolabeling (P ú 0.05). Therefore, data from all the mosaic animals were combined. cles of T-treated mosaics (29.9 { 5.37%) was not significantly different from that of blank-treated mosaics (39.1
Among the affected Tfm males, littermates of the mosaics (who consequently received the same pre-{ 8.78%). Therefore, the data from mosaics were combined (35.1 { 5.44%) and compared with the percentage and postnatal androgen treatment) showed no significant differences in either SNB cell number (P ú of AR-positive nuclei in muscles from wild-type females (37.8 { 5.2%). There were no significant differ-0.20) or percentage immunolabeled (P ú 0.20) when compared with the other Tfm animals that had reences between any of the groups for this measure (P ú 0.40 for all comparisons by Mann -Whitney U test), ceived no perinatal androgen. Eight-hour versus 2-hr ohF treatment also did not influence cell number (P indicating that the proportion of androgen-sensitive nuclei was equivalent across groups. ú 0.50) or percentage labeled (P ú 0.05), so all Tfm control animals were treated as one group for the remainder of the analysis. Androgen treatment spared SNB cells in both wildtype and mosaic animals; wild-type females had significantly more SNB cells than did mosaics, while mosaic females had more SNB cells than did affected Tfm males (Fig. 3, upper graphs) . The percentage of immunolabeled motoneurons also varied significantly; wild-type females had a higher percentage of   FIG. 4 . Photomicrographs of androgen receptor immunocytochemistry in the spinal cord of two adult Tfm mosaic female rats that had been exposed perinatally to androgen. Tissue was counterstained with neutral red. Note that some SNB cells display reaction product within their nuclei (dark circles indicated by filled arrows), whereas other SNB cells within the same section have unstained nuclei (relatively clear circles, examples of which are indicated by hollow arrows). The smaller circles visible within the non-ARstained nuclei are the nucleoli stained by the neutral red. For purposes of analysis, we regard stained cells as wild type and unstained cells as Tfm. The proportion of SNB cells that are AR-immunopositive in mosaic animals is intermediate between the proportions seen in wild-type females and Tfm animals (see Fig. 3 ). (Fig. 3, lower graphs) . In mosaic females, ARmales (N Å 14), and mosaic females (N Å 17). Error bars indicate immunopositive and AR-immunonegative SNB cells standard errors of the means. *Significantly different from both WT were usually found within a section (Fig. 4) . No patfemales and Tfm male controls (two-tailed t test, P õ 0.01). **Signifitern in the distribution of AR-negative and AR-posicantly different from both WT females and Tfm male controls (MannWhitney U test, P õ 0.01).
AR-ICC-labeled SNB cells than did mosaics, which in
tive motoneurons was seen. Among the mosaics, drogens; therefore, the differential responses to the treatment must be the result of differential sensitivity to androgen. Since random X inactivation predicts that Tfm carriers will be partially insensitive to the receptormediated effects of androgen, it is logical to conclude that the animals in which nipples were not eliminated are Tfm carriers, whereas the remaining females in which nipples were eliminated are homozygous wildtype females. Second, the ratio of phenotypes conformed to the predicted patterns. Mendelian genetics predicts that half the female offspring of female carriers of a sex-linked recessive trait will themselves be carriers, and that the four expected genotypes produced by the cross of a Tfm carrier with a normal male (wildtype males, Tfm males, wild-type females, and carrier females) will be present in equal numbers. We did observe four different phenotypes among the offspring of such a cross:
1. Normal males 
and with nipples
The ratio of the four phenotypes was approximately there was no significant correlation between number 1:1:1:1 (Table 1) , in accordance with the Mendelian preof SNB cells and percentage of motoneurons showing diction if the four different phenotypes represent the immunolabeling (Fig. 5) .
expected genotypes. Third, the LA depends on early androgen for its survival (Cihák et al., 1970) ; therefore we would predict DISCUSSION that a mosaic female would have a smaller LA than a similarly treated wild-type female, because a mosaic female would have fewer androgen-sensitive cells to A crucial step in the present analysis is to correctly classify females as either entirely androgen-sensitive respond to the androgen, no matter where the crucial site for androgen action. In the absence of any adult wild-types (///) or partially androgen-insensitive Tfm mosaics (Tfm//). There are five pieces of evidence to androgen treatment, females with nipples (mosaics) indeed had smaller LA muscles than did females without support our classification. First, nipples are present in some, but not all female offspring of the Tfm carrier nipples (wild types); however, LA size did increase in the mosaic females that were given adult androgen dams in this study. The purpose of the prenatal androgen treatment was to eliminate nipple formation in treatment, indicating that the muscle of mosaics retains some androgen sensitivity. Together, these observawild-type, but not Tfm carrier, females. The E16 -20 TP injections eliminated nipples in approximately half of tions support the hypothesis that the females who retained nipples are mosaics, with some Tfm and some the females born to Tfm carriers. Other studies (Goldman et al., 1976) and our own pilot work (Freeman, wild-type tissue. Fourth, no matter what tissues directly respond to androgen to spare SNB cells, we would exunpublished observations) have shown that this prenatal treatment eliminates nipples in all pups born to pect fewer SNB cells to survive in partially androgeninsensitive mosaic females than in their fully wild-type wild-type dams. It is difficult to imagine that the same series of subcutaneous injections could have exposed sisters. Although androgen saved some SNB cells in mosaic females, the same treatment spared more SNB only some female pups of our Tfm carrier dams to an-cells in the wild-type females, again confirming our explained, given the following assumptions: (1) in females and Tfm males, a small pool of motoneurons (apclassification of these females. Perinatal androgen treatment of mice, in which coat color markers can be used proximately 30, according to the counts in this study) normally survives even in the absence of androgen to to classify Tfm carrier and wild-type females, resulted in a pattern similar to that based on our classification of innervate the external anal sphincter; (2) in wild-type females, where all motoneurons are androgen sensitive, rats: fewer SNB cells were spared by perinatal androgen treatment of carriers than their wild-type sisters (Olsen, perinatal androgen treatments save 60 to 70 more motoneurons, which survive to innervate the BC/LA musWagner, and Clemens, 1988). Finally, females with nipples had a lower percentage of SNB motoneurons lacles. If androgen acted directly on the motoneurons to save them, we would expect the same treatment to save beled by AR-ICC than did their wild-type sisters, as would be predicted if some motoneurons were expressonly about half that number (30 -40) in the mosaics, since, on average, only half the motoneurons would be ing the Tfm gene in mosaics. We are therefore extremely confident that nipple retention in gonadal females who expected to express the functional AR. Perinatal androgen treatment would result in a SNB cell number higher received perinatal testosterone correctly identifies genetically mosaic Tfm carriers.
than (Fig. 5 , r Å 0.17). Furthermore, one mosaic animal had no apparent than the Tfm males and significantly fewer AR-positive cells than wild-type females, indicating a difference ro-LA muscle in adulthood; this animal (indicated as a filled triangle in Fig. 5 ) also had the fewest SNB cells bust enough to be detected despite the presence of falsepositive and false-negative classifications. Therefore, (17) and no darkly immunostained motoneurons. The lack of masculinization in this mosaic may be due to the site of androgen's action in sparing SNB cells from cell death must be other than the motoneurons theman especially high proportion of Tfm cells. If this animal is eliminated from the analysis, the correlation becomes selves. This study agrees with the finding of a similar sparing of androgen-insensitive motoneurons in two negative, although still statistically insignificant (r Å 00.28). This strongly argues against any type of selecsex-reversed mice (Breedlove, 1986) . This interpretation also conforms to other studies that provide indirect evitive sparing of wild-type SNB cells; if anything, the mosaics with the most SNB cells tend to have propordence that the site of action in rats is the muscle (Fishman and Breedlove, 1985 , 1988 Fishman et al., tionately fewer motoneurons expressing AR immunostaining. 1990).
One alternative interpretation is that only wild-type It is also possible that fewer cells were counted in the mosaics because cells were less likely to be recog-SNB motoneurons can be spared from cell death by early androgen, and that the reason fewer cells survive nized as motoneurons. For instance, Tfm motoneurons could have smaller somata or lighter Nissl staining and in mosaics is that fewer androgen-sensitive motoneurons were initially available. Our results could then be therefore be less likely to be counted as a motoneuron under light microscopy. Having a darkly immunoics, it should be possible to compare the two populations in a within-subject design. The two populations stained nucleus, on the other hand, may make a cell more likely to be counted as a motoneuron, resulting would presumably receive similar signals from the target muscles or supraspinal afferents, so any differences in more discernible motoneurons in wild-type than in mosaic animals. The lack of a correlation between numbetween the two populations after androgen treatment can be attributed to AR-mediated response of the indiber of SNB cells and percentage showing AR-ICC staining among mosaics, however, also argues against wildvidual neuron. Both soma size (Breedlove and Arnold, 1981) and dendritic extent (Kurz, Sengelaub, and Artype motoneurons being more detectable than Tfm motoneurons. It is therefore likely that androgen is less nold, 1986) are regulated by androgen in adulthood; comparing Tfm with wild-type motoneurons could deeffective in sparing SNB cells from death in mosaics than in wild types because the target muscles of mosatermine if androgen acts on the motoneuron to affect either morphological measure. In addition, double-laics are less androgen sensitive than those of wild types. The smaller size of the muscles in mosaics is consistent beling techniques could be used to identify proteins coexpressed with, and possibly regulated by, the AR. with that hypothesis. Despite its decreased efficacy in mosaics, androgen can spare both wild-type and Tfm
The identification of such factors would be an important step in understanding how androgens influence motoneurons from ontogenetic cell death, eliminating the motoneuron itself as a site of action for that process the development and plasticity of the nervous system. of sexual differentiation.
What of the BC/LA target muscles? Our prediction is that the BC/LA target muscles of mosaics would also ACKNOWLEDGMENT be mosaic for functional AR. Because muscle fibers are multinucleated, each muscle fiber would still be ex- 
